In this paper, theoretical study is carried out to investigate the general 3D short-crested 7 wave interaction with a concentric two-cylinder system. The interior cylinder is imperme-8 able and the exterior cylinder is thin in thickness and porous to protect the interior cylinder. 9 Both cylinders are surface-piercing and bottom mounted. Analytical solution is derived 10 based on the linear potential theory. The effects of the wide range wave parameters and 11 structure configuration including porosity of the exterior cylinder and the annular spacing 12 on the wave forces, surface elevations and the diffracted wave contours are examined.
By assuming that the fluid is inviscid and incompressible, and the flow is irrota-117 tional, the fluid motion can be described by a velocity potential Φ j , which satisfies 118 the Laplace equation
subject to the combined linearised free surface boundary condition 120 Φ j,tt + gΦ j,z = 0 at z = 0,
and the bottom condition
where the comma in the subscript designates partial derivative with respect to the 122 variable following it. 123 The total velocity potential in region Ω 2 can be expressed by the summation of the 124 incident and scattered wave velocity potentials
where Φ I 2 and Φ S 2 also satisfy (1)-(3). 126 The velocity potential of the linear short-crested incident wave travelling princi- 
The function Φ S 2 in Ω 2 is governed by the Laplace equation (1) with the boundary 144 conditions (2) and (3), the boundary condition at the interface of fluid and porous 145 cylinder at r = b, and the radiation condition at infinity, namely, the Sommerfeld 146 condition as follows:
where r is the radial axis, and i = √ −1. 148 The function Φ 1 in Ω 1 is governed by the Laplace equation (1) 
These constitute two sets of the governing equation and boundary conditions for 152 the diffraction of short-crested waves by concentric vertical porous cylinder system, 153 corresponding to boundary-value problems in a bounded domain and an unbounded 154 domain respectively. After obtaining Φ S 2 , Φ 2 and Φ 1 by solving the above boundary-155 value problems, all the physical quantities including the fluid particle velocity, free 156 surface elevation and the dynamic pressure can be calculated respectively from
Analytical solution 158
The incident wave potential (5) can be written in the cylindrical coordinates as
where
and J m and J 2n are the Bessel function of the first kind of the mth and 2nth order 161 respectively.
The Laplace equation (1) in cylindrical polar coordinates is
The eigensolutions corresponding to the real and the imaginary eigenvalues can be 165 written as [20]
where H (1) m and H (2) m are the Hankel functions of the first and second kind, and I m 167 and K m are the modified Bessel functions of the first and second kind, respectively. 168 k (wave number) and k n are the real and imaginary eigenvalues of dispersion rela-169 tionship (7) respectively, and f 0 and f n are the real and imaginary eigenfunctions 170 of dispersion relationship (7) respectively.
171
Considering the form of incident wave potential (18) and boundary conditions, the eigensolution (20) is needed to construct the solution forms in this paper.
174
The solution of the scattered velocity potential in region Ω 2 (Φ S 2 ) can be con-175 structed by the following expression [15] , which satisfies the Laplace equation (1) and boundary conditions (2), (3), and the Sommerfeld radiation condition (10)
where A (1) mn and A (2) mn are unknown complex coefficients, H m+2n and H |m−2n| are 178 the Hankel functions of the first kind.
179
Noting the definition H (1) into the body boundary conditions (9), (11) and (12), we have
All the unknown coefficients 
and
In this section, the present analytic derivation and solution technique described 
Short-crested wave interaction with a hollow porous cylinder 196
For the limiting case of short-crested wave interaction with a hollow porous cylin-197 der (i.e., a = 0), α mn = β mn = 0, thus all terms containing α mn and β mn vanish
Short-crested wave interaction with a solid cylinder 200
For the limiting case of short-crested wave interaction with a solid cylinder (i.e., 201 a = 0, and G 0 = 0), α mn = β mn = 0 and C (3)
Therefore Φ 1 = 0 indicating there is no wave in the inner region Ω 1 and the solution 203 of Φ S 2 is exactly the same as equation (19) given in [15] .
For the limiting case of a plane wave interaction with a concentric porous cylindri-206 cal structure (i.e., k y = 0 and k = k x ), J 0 (k y b) = 1, J 2n (k y b) = 0 (n = 1, 2, 3 · · · ), 207 and J 2n (k y b) = 0 (n = 0, 1, 2 · · · ), thus coefficients 
Then the coefficients
Plane wave interaction with a hollow porous cylinder 217
The solution for the limiting case of plane wave interaction with a hollow porous 218 cylinder (i.e., k y = 0, k = k x and a = 0), is obtained by simply taking the limit of 219 (52)-(54) as a → 0, the coefficients become
(57)
These coefficients are exactly the same as in equations (24) 
where the function P (k x , k y , k, R) is a dimensionless parameter of dFx dz without the 228 term ρgAR · f (z, h)e −iωt and R denotes the radii of the cylinders (a or b).
229
The Re
where U is the velocity of the incident waves at the origin of the cylinder in its 232 absence.
233
From (5), (58) and (64), we have
where P r and P i are the real and imaginary parts of P (k x , k y , k, R) respectively.
235
It can be concluded from (65) that, the total force without the term ρgAR·f
force on the interior cylinder with smaller k x a when the annular spacing is large (or Fig. 12 , it is seen that the 334 amplitude of the diffracted short-waves in the weather region is smaller than that 335 of a plane wave, and the region for the large amplitude waves in front of the inte-336 rior cylinder resulting from short-crested waves is also smaller than its plane wave 337 counterpart. Such tendencies are more pronounced as the incident waves become 338 more short-crested.
339
The thick lines in phase contours represent changes from π to −π. The amphidromic 
